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There are indications that high-fibre sugarcane genotypes may produce more biomass and use resources more efficiently than conventional sugarcane cultivars.
The objective of this research was to gather quantitative information on resource use for selected conventional and high-fibre sugarcane genotypes and benchmark it against other bioethanol crops. Although conventional sugarcane initially grew slower than sorghum and Napier grass, it produced very high biomass (about 70 t ha -1 ) and theoretical ethanol (first-and second-generation) yields (about 27 kL ha -1 ) at 12 months, and used water relatively efficiently (about 5 kg m -3 and 2 kL m
Introduction
There is increasing interest in renewable energy, including biofuel from crops.
Bioethanol can be produced from the fermentation of soluble sugars in the storage organs of feedstock crops, while 2 nd generation lignocellulose technology enables the production of ethanol from cell-wall sugars extracted from plant fibre (Ragauskas et al. 2006 ). This will greatly enhance the potential ethanol output from feedstock crops and address concerns regarding ethanol production from food crops in high potential production areas.
Potential bioethanol crops include maize, switchgrass, Miscanthus, sugarcane, sugar beet, sorghum and poplar. Compared to other crops sugarcane has abundant potential for producing high biomass yield (Alexander, 1985) and consequently high bioethanol yields from sugars in the juice (Renouf et al. 2008 ) and form leaf and stalk fibre (Waclawovsky et al. 2010 , de Souza et al. 2013 . Energy cane that produce high biomass rather than high sucrose yield and use natural resources more efficiently, are currently in development (Tew and Cobill 2008) . These genotypes 2 could possibly be used for biomass production in marginal production areas where resource levels are low, such as low rainfall areas or areas with poor soils.
Very little quantitative information on radiation and water use or crop productivity is available for high-fibre sugarcane types in South Africa. Waclawovsky et al. (2006) quote commercial maximum yields of 29 t ha -1 of dry biomass and puts forward a theoretical maximum of 177 t ha -1
. Alexander (1985) hypothesizes that sugarcane yields can be increased two fold by using high-fibre cane and managing water and nitrogen to maximize biomass growth and not sucrose yield. Biomass yields can also be increased by reducing the growing period from 12 to 6 months and harvesting twice a year (Alexander 1985) to better exploit the faster initial growth.
Sugarcane models have been calibrated for commercial sucrose cultivars (about 12% fibre and 13% sugar content) and will need refinement and re-calibration for high-fibre sugarcane hybrids (about 30% fibre and 5% sugar content), before they can be used to assess resource use efficiency and productivity (Keating et al. 1999, Singels and Bezuidenhout 2002) . Nair et al. (2012) highlighted the need for parameterization and validation of crop models for bioenergy crops, which can then be used for high resolution simulation of biomass production for planning purposes.
The overall objective of this research was to gather quantitative information on the productivity (biomass and bioethanol), water and radiation use efficiencies and drought tolerance of conventional and high-fibre sugarcane genotypes and to benchmark these against other selected bioenergy feedstock crops. The information gathered could be valuable in improving the capability of crop models to support 3 decision-making regarding sugarcane production for bioenergy in existing and marginal production areas for current and future climates.
Materials and methods

Experimental details
A one hectare field trial was conducted at the South African Sugarcane Research Trial details are summarised in Table 1 . Sorghum had to be replanted due to poor germination, which accounts for the six week difference in planting date compared to Based on soil analysis 120 kg N ha -1 and 100 kg P ha -1 was applied as Urea (46) and MAP (33) respectively to all plots one month after planting. After sorghum had been harvested the same plots were planted to sugar beet. Fertiliser was applied at a rate of 120 kg N ha -1
, 75 kg P ha -1 and 75 kg K ha -1 as Urea (46), MAP (33) and potassium chloride (KCL), respectively one month after the sugar beet was planted.
Measurements of organic and mineral nitrogen and potassium in the soil on 22
August 2012 suggested that both these elements were not limiting growth in any of the treatments. 
Measurements
Volumetric soil water content
Volumetric SWC was measured in all 48 plots using a neutron water meter (Model 503DR CPN Hydro probe, Campbell Pacific Nuclear, Concord, CA, USA) calibrated for the specific soil. Measurements were taken before and after irrigation events at 0.25 m, 0.40 m and 0.55 m soil depth.
Non-destructive plant measurements
Fractional interception of photosynthetically active radiation (FI PAR ) was measured fortnightly using a ceptometer (Model AccuPar LP80, Decagon Devices, Pullman, WA, USA) in a marked 2 m section of cane row. Ten readings were taken below, and one above, the canopy between 11:00 and 13:00.
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Destructive plant measurements
Destructive samples of aboveground biomass (2 m row length per plot) were taken at four, eight and 12 months of age in all four replicate plots. Plant material was split into stalk, green leaf (including cane tops) and dead leaf (trash) material. Fresh mass was determined and sub-samples dried at 85 ˚C (until constant mass).
Fibre, brix and sucrose content in stalks were determined from a sub-sample of A second subsample of 16 stalks per plot of selected treatments (the W100 treatments for sugarcane, Napier grass, and sorghum) were analysed for stalk fibre composition. Not all treatments could be analysed because of the prohibitive cost of the process. A minimum of 8 kg of fresh plant stalk was washed, ground and dried for 48 h to obtain approximately 1 kg of dry fibre. The samples were treated and analysed using the NREL methodology for their lignin, cellulose and hemicellulose contents (Sluiter et al. 2005a , Sluiter et al. 2005b , Sluiter et al. 2011 . The concentrations of sugars that can be derived from cellulose and hemicellulose were determined with high performance liquid chromatography and include cell wall glucose, cell wall cellobiose, cell wall xylose, and cell wall arabinose.
Calculations
Crop water use
Seasonal crop water use (CWU) or evapotranspiration (ET) was estimated using the soil water balance equation:
where ΔS is the change in storage (the difference in ASWC at the end and start of the experiment), ƩI and ƩR eff are seasonal total irrigation and effective rainfall respectively and ƩDR is seasonal total drainage plus runoff. R eff was calculated by assuming an interception loss per rainfall event equal to sugarcane reference evapotranspiration (ET reff , as defined by McGlinchey and Inman-Bamber 1996) on the given day. ƩDR was calculated by summing individual daily drainage events (runoff was assumed to be zero as the fields were flat) for a season, with drainage for individual events calculated according to Equation 2:
Water-stress days
Water-stressed days were defined as days during the active growing season (excluding the 24-day drying off period) when profile SWC was less than 145 mm (50% of plant available water capacity).
Thermal time
Thermal time (TT in units of °Cd) was calculated according to Equation 3:
where T ave is the average daily air temperature (calculated from the maximum and minimum air temperature), T base the base temperature (16°C) and Δt the time interval. Thermal time was accumulated from the plant date up to 50% (TT50) and 80% PAR interception (TT80). (Ceotto et al. 2013 ) and thus applied to all crops.
Radiation interception
Ethanol yield
The following equations (Zhao et al. 2009 ) were used to calculate the theoretical first-generation ethanol yield present in stalk juice (ETH SJ ), and second-generation ethanol yield from stalk (ETH SF ) and leaf fibre (ETH LF ), all in in litres per hectare:
where SUG CW is sugars from cell wall hemicellulose and cellulose in stalk dry matter (%), SUC is soluble sucrose in stalk dry matter (%), GF is soluble glucose and fructose in stalk dry matter (%), SUG LF is sugars present in leaf dry matter (%), STKDM is dry stalk biomass (t ha ). Measured SUG CW was only available for the W100 treatments of sugarcane, Napier grass and sorghum, and these values were also applied to W50 treatments for ethanol calculations. For sugar beet we assumed a SUG CW value of 66% based on Bertin et al. (1988) . SUG LF was not measured and a value of 57% was assumed for sugarcane and sorghum (Murray 12 et al. 2008 , Krishan et al. 2010 , Chandel et al. 2012 ).
Radiation use efficiency
Biomass (and bioethanol) radiation use efficiency (BRUE and ERUE) was defined as aboveground dry biomass (and theoretical first-and second-generation ethanol volume) produced per unit of intercepted radiation (g MJ -1 and mL MJ -1
).
Drought sensitivity
Yield response factors (K y ) were calculated according to Doorenbos and Kassam (1979) for each of the crops as a means to quantify drought sensitivity. Statistical significance of main and interaction effects were calculated for the 5% (P ≤ 0.05) and 1% (P ≤ 0.01) confidence levels and least significant differences (LSD) determined for P ≤ 0.05. ANOVA could not be conducted on TT50 and TT80 PAR interception as well as seasonal average FI PAR and radiation capture data because the data were based on curves fitted to average values. High costs associated with stalk fibre component analysis prevented any ANOVA being conducted on this and consequently also the theoretical ethanol yield data.
Results and discussion
Climate
Climatic conditions during the experiment are shown in Figure 1 
Canopy cover
In the W100 treatment, sugar beet and sorghum had the quickest canopy development, requiring 426 and 509 °Cd less thermal time, respectively to reach 50% PAR interception (TT50) than conventional sugarcane (average TT50 value of 701°Cd) ( Table 2 ). The canopy development rate of the high-fibre sugarcane hybrid (04G0073) was slightly faster than that of conventional sugarcane, while that of IK76-63 required an additional 206°Cd to reach 50% canopy due to its very slow germination (Table 2) . Napier grass and sorghum achieved slightly higher seasonal 16 average FI than conventional sugarcane, because of their quicker canopy development. Radiation capture by 04G0073 and Napier grass over the first six months of growth was substantially higher than that of sugarcane, indicating that these crops are more efficient in radiation capture when harvested at six months rather than 12 months. The water stress experienced in the experiment had little effect on canopy development of all the genotypes as there was no water stress during the first 110 d of the experiment. As a result, TT50 values of the W50 treatments were only reduced by between 5 °Cd (sugar beet) and 35 °Cd (IK76-63) relative to the W100
control. Averaged across all crops, water stress reduced the seasonal average fractional interception by 3% and radiation capture by 4% (Table 2) .
Biomass yield
The potential of conventional sugarcane as a biomass crop was illustrated by the very high dry biomass yields obtained in N19 and N31 in both the W100 and W50 treatments at 12 months (Table 3) . Unexpectedly, the high-fibre sugarcane hybrid 04G0073 and Erianthus clone IK76-63 produced significantly (P < 0.001) less dry biomass (17% and 14% respectively) than the conventional sugarcane cultivars N19
and N31 in the W100 treatment; however, growth was affected by flowering in 04G0073 and very poor germination in IK76-63.
Conventional sugarcane also outperformed the combination of sorghum and sugar beet, which was only able to produce 47 t ha -1 dry material in 12 months (Table 3) .
Napier grass (63 t ha -1
) was the only crop that could compete with conventional sugarcane in terms of total dry biomass produced.
Water stress in the W50 treatment significantly reduced (P < 0.001) dry biomass yields of all the crops, except sorghum (Table 3) .
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At eight months 04G0073 and Napier grass were able to achieve higher biomass yields than conventional sugarcane (data not presented). This reflects the relative slow initial growth and establishment of sugarcane, a phenomenon also highlighted by Alexander (1985) and Allison et al. (2007) . Once the canopy and stalk population is established, conventional sugarcane varieties N19 and N31 were able to maintain higher growth rates, partly due to the fact that they were not limited by flowering and self-trashing as with 04G0073 and Napier grass. Production strategies of high-fibre types could possibly be adjusted by harvesting at a younger age to maximise production per unit time.
Dry biomass components fractions (stalk fibre, sucrose and hexose from stalk juice; green and dead leaf) differed significantly (P < 0.001) between the crops that were evaluated (Table 3) . Napier grass, 04G0073 and IK76-63 for example had the highest fibre contents and N19, sorghum and sugar beet had the highest sucrose contents (Table 3) . Biomass component fractions were not significantly affected by water stress.
Stalk fibre component fractions are provided in Table 4 . Cellulose and hemi-cellulose contents were mostly very similar for the different crops (about 35% and 30%, respectively), although IK76-63 appeared to have higher cellulose and lower hemicellulose content than the other crops. Conventional sugarcane and sorghum had lower lignin content than the other crops (about 21% compared to about 25%), making it more suitable for second-generation ethanol production. Stalk fibre composition values of the sugarcane crop compared favourably with typical values (Chandel et al. 2012 ). 
Ethanol yield
The highest theoretical ethanol yield was obtained for N19 (29.6 kL ha -1 ), which was 32% and 36% more than that for 04G0073 or IK76-63, respectively. In 04G0073 and IK76-63, sucrose contributed very little (18% and 4%) to total ethanol yield compared with 48% and 43% in N19 and N31, respectively (Table 5 ). The combination of sorghum and sugar beet yielded only 19.2 kL ha -1 of ethanol. Ethanol yields were reduced under water stress conditions in proportion to the reduction in biomass yield. For conventional sugarcane cultivars second-generation ethanol yield contributed roughly half of total ethanol yield, with a 50:50 split between ethanol from bagasse 22 and leaf material. The contribution of second-generation ethanol to total ethanol in the high-fibre crops was expectedly higher, while that for sugar beet was much lower, than that of conventional sugarcane. . Maximum dry stalk mass for sweet sorghum varied between 9.4 and 10.4 t ha -1 with first-generation ethanol yields of between 2.3 and 2.6 kL ha -1 for the Pietermaritzburg and Pretoria trial sites of the same study (Mengistu et al. 2013 ).
In the present study first-generation ethanol yield for forage sorghum was approximately 2.5 kL ha -1 , even though it had much lower sugar content in the stalk compared to sweet sorghum in the study of Mengistu et al. (2013) . 23 
Seasonal crop water use
The high-fibre sugarcane hybrid (04G0073) and Erianthus clone (IK76-63) used slightly more water (204 mm and 70 mm, respectively) than the conventional sugarcane cultivars N31 and N19 (with average water use of 1425 mm), while
Napier grass used about 241 mm less water (Table 6 ). Due to their relatively short growing seasons (117 and 186 days, respectively) the combination of sorghum and sugar beet used substantially less water (461 mm) than conventional sugarcane.
Crops in the W50 treatment used on average 28% less water compared to the W100 treatments (Table 6 ).
Water use efficiency
N19 and sorghum had significantly (P < 0.001) higher biomass and ethanol water use efficiency (BWUE = 6.3 kg m -3 and EWUE = 2.5 L m ). Water use efficiency (BWUE and EWUE) of the commercial sugarcane cultivars were on average 33% and 28% higher than that of the high-fibre sugarcane hybrid 04G0073
and Erianthus clone IK76-63, respectively (Table 6 ). These results are in agreement with reported values of BWUE for sugarcane (assuming a dry matter content of 25%
and stalk fraction of 0.75) that varied between 2.6 and 5.3 kg m -3 (Kingston 1994; Olivier and Singels 2012) . For sugar beet, BWUE reported values were between 4.6 and 5.6 kg m -3 (Brown et al. 1987 ), but can be as high as 10 kg m -3 (Dunham 1983 ).
High BWUE values obtained by sorghum were in the range of those commonly reported for sorghum that ranged between 2.8 and 12.6 kg m -3 (Narayanan et al. 24 2013). Water stress resulted in an average increase of 19% in BWUE and EWUE (Table 6 ). Rinaldi and Vonella (2006) found that BWUE was increased by 21% and 24% for spring and autumn sown sugar beet when irrigation was reduced. Conventional sugarcane had higher first-generation EWUE (EWUE1) than high-fibre sugarcane, Napier grass and sorghum, as can be expected because of higher sugar contents in the stalk juice. Sugar beet had the highest EWUE1 because of the very high sugar content of the tubers. Conversely, the high-fibre crops had the highest second-generation EWUE (EWUE2) because of their higher fibre yields. EWUE of the water stress treatments were higher than well-watered treatments, following the trends in BWUE, because the primary driver of total ethanol yield is biomass.
Maximum EWUE1 values reported by Mengistu et al. (2013) for sorghum and sugar beet were lower (0.47 and 0.72 L m -3 respectively) than values shown in Table 6 for this study. This difference is attributed to the higher dry matter yields obtained in the current study.
Radiation use efficiency
N19 had significantly (P < 0.001) higher biomass and ethanol radiation use efficiency (BRUE, ERUE) compared to the other crops (1.75 g MJ -1 and 0.69 mL MJ -1 ), which was more than the sorghum and sugar beet combination (1.23 g MJ -1 and 0.53 mL
), respectively (Table 7) . Sinclair and Muchow (1999) suggested a RUE for sugarcane of 2 g MJ -1
, although there is sufficient evidence that RUE varies considerably because of variation in temperature, soil fertility (leaf nitrogen content), crop age, crop class, lodging, and culm death (Muchow et al. 1994 , Robertson et al. 1996 , Park et al. 2005 , Donaldson et al. 2008 ). Sugar beet is considered a crop that is relatively efficient in transforming solar radiation into dry matter, higher than durum wheat, but lower than maize and sorghum (Tanner and Sinclair 1983 (Muchow 1989 , Rosenthal et al. 1993 ). Water stress resulted in a significant (P < 0.001) reduction in RUE (average of 8%), except for 04G0073 and sorghum (Table 7) .
Drought sensitivity
Under conditions of water stress, Napier grass experienced a greater yield loss than any of the other crops due to its high yield response factor of 1.16. The hybrid 04G0073 was least sensitive to stress (k y = 0.15) followed by N19, N31, IK76-63 and sugar beet (k y of 0.38, 0.50, 0.63 and 0.69, respectively). The sorghum crop experienced very little, if any, water stress, because of high rainfall that occurred early during the relatively short growing season. Sorghum is well known for its drought tolerance and is widely grown in hot and dry subtropical and tropical regions of the world (Rooney et al. 2007 ).
Conclusion
Data collected in this study may only apply to situations with similar soil and climatic
conditions, for the genotypes tested, and for plant crops. In a broad sense, however, some of the information gathered could be applicable to additional climate-soil situations, and therefore contributes to the body of information required for planning bioethanol feedstock production strategies.
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Key findings
Although conventional sugarcane initially grew slower than sorghum and Napier grass, it produced very high biomass (about 70 t ha , assuming optimal process efficiencies.
The high-fibre sugarcane hybrid showed promise in terms of growing faster initially and producing more biomass at eight months (56 t ha -1 vs. 45 t ha -1 ) than the conventional sugarcane cultivars, but then flowered, reducing its growth rate markedly thereafter. It also seemed less sensitive to mild drought conditions than the conventional sugarcane cultivars. This particular genotype may not have been the ideal selection to represent type II sugarcane, and further research is recommended to explore high-fibre germplasm for higher biomass yields and more efficient use of water.
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Theoretical (assuming optimal process efficiencies) ethanol yields achieved in this study was very high (29 kL ha -1 for well-watered N19) compared to previously quoted values, primarily because of the high biomass achieved. Although there were marked differences in biomass component fractions (mainly stalk sucrose and stalk fibre), ethanol yields of the different treatments were largely determined by biomass yield, explaining why conventional sugarcane types out-yielded other crops in terms of ethanol yield. Stalk fibre composition varied little between the grass crops, although lignin content was significantly lower in conventional sugarcane and sorghum (21%), than in the other crops (26%). This had little influence on theoretical second-generation ethanol yields. The contribution of cellulosic ethanol to total ethanol yield varied hugely, from 89% for the high-fibre sugarcane hybrid to about 48% for conventional sugarcane, to as low as 14% for sugar beet. Results suggest that cellulosic ethanol production could be an attractive option that could be incorporated into conventional or biomass sugarcane production systems, particularly because of the comparative ease of cultivation and processing versatility of sugarcane.
The information gathered in this study is useful for deriving important crop model parameters (e.g. thermal time requirements for crop development, water and radiation conversion coefficients, drought sensitivity factors and biomass partitioning fractions) that are required for accurate prediction of yield and water use of conventional and high-fibre sugarcane types. 
